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What is claimed is:

Fourier transform processor responsive to N input data points to compute N data

output pRints, said Fourier transform processor comprising:

a plurality of r harallel processing elements, each of said plurality of r parallel processing

elements having NX input data points and N/r output data points, said N/r input data points

of said plurality of r parallel processors being coupled to respective ones of said N input

data points, each of said glurality of r parallel processing elements being independent of

each other and having at leas\two stages of butterfly computing elements; and

a combination phase computing el¢ment having N output points forming said N data
output data points of said Fourier transform processor, said combination phase computing

element having N input data points coupled to respective ones of said N/r output data

points from said plurality of r processing eldments, said combination phase computing

element including a single stage of butterfly compgting elements.

2. A Fourier transform processor in accordance with clany 1, wherein said single stage of

butterfly computing elements in said combination phase corhputing element is represented

by:
« r-1 " N+ 1K) N 37
w .20 Piigy N G

h=

for/=0,1,...,r=1,k=0,1, ....., B — 1, where ((x))y denotes x modulo
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u}- ANFourier transform processor in accordance with claim 1, wherein each of said r
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paralle]l Yprocessing elements includes a butterfly processing element for use in a

decimation\n frequency radix-r butterfly responsive to a plurality of input data points, said

radix-r butter{ly providing a plurality of output data points, said butterfly processing

element comprising:
a plurality of multiplielg, each of said multipliers having a respective first and second input

terminals and a respective\Qutput terminal; and

an adder having a plurality of inpyt terminals and an output terminal, each of said plurality
of input terminals of said adder beingcoupled to a respective one of said output terminals

of said plurality of multipliers;

said plurality of first input terminals of said plurality of multipliers each being respectively

coupled to one of said plurality of input data points, said output terminal of said adder
being coupled to one of said plurality of output data poin
liers being coupled to a

said plurality of second input terminals of said plurality of mult

set of coefficients derived from the product of an adder matrix T\and a twiddle factor

matrix Wy .
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butterfly processing element in accordance with claim 3, wherein said coefficients
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derived from the product of said adder matrix T; and said twiddle factor matrix Wg, are

substantially\given by
w? w? wl - w?
WN/r W2N/r _ W(r-l)N/r
T, = W AN 2N | [T(l m)] (5A),
2
_WO W(r-l)N/r ) W(r-l) N/r_

@mSy

= here T, ., =w (6A),
= '
" and defining W,  ;, the set of the twiddle factor matrices W§ as:
N woki 0
i Wk = _ - =V m g (8A),
- 0 0
i
:

in which,

iy
Wamey =W " for 1 = m, and\) elsewhere (9A),
wherein,

10A),
BrD[p:W(r,k,i)XTrz [BrDIF(l,m)(k,i) ] ( )

. e mNER g P )N
with BrD[F(,_m)(k,i) =w (11A),
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=0,..,r-1,i=0,1..,n-1,k=0,1.., N/r) - 1, ((x))n denotes x modulo N and N (k/
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fined as the integer part of the division of k and r', whereby the operation of said

rocessing element for said decimation in frequency radix-r butterfly is:

12A
the colon vectorX(r’k,i) =B, pE Xx= [X(z)(ki)] (124),

r-l T iy
whexe the 1™ output X =Zx(m)w(“mN’”N(Wf)lr))N (13A).
m=0

Dy

5. A Fourier transform\processor in accordance with claim 1, wherein each of said r

parallel processing elements includes a butterfly processing element for use in a
decimation in time radix-r bijterfly responsive to a plurality of r input data points, said

radix-r butterfly providing a plurality of output data points, said butterfly processing

element comprising:

a plurality of r-1 multipliers, each of siid r-1 multipliers having a respective first and

second input terminals and a respective outply terminal; and

an adder having a plurality of r input terminals and {n output terminal, one of said plurality
of r input terminals of said adder being coupled to a fixst input data point of said plurality
of r input data points, each of the r-1 others of said plurhlity of r input terminals of said

adder being coupled to a respective one of said output termipals of said plurality of r-1

multipliers;
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said r-1 plurality of first input terminals of said r-1 plurality of multipliers each being
regpectively coupled to one of r-1 of said plurality of r input data points, said output

termihal of said adder being coupled to one of said plurality of output data points; and

said pluralitk of second input terminals of said r-1 plurality of multipliers being coupled to

a set of coefficients derived from the product of an adder matrix T, and a twiddle factor

matrix Wy .

6. An apparatus in accokdance with claim 5, wherein said coefficients derived from the’

product of said adder matrix\T, and said twiddle factor matrix Wy, are substantially given

by,
(14A),
Brpir =T XWe Ry = [BrDIT(l,m)(k,i) ]
m Nir+ R sy (0D
in which B,pur .y, = (N s N (15A).
W0 k,i) 0
0 WL ki) [ ]
and W(l',k,i) = a _ = W(l,m)( ki) (16A),
0 0
where w = w @@ Dm gy m, and 0 elsewqere (17A),

. m)k,i) -
and n = (log Nflog r) — 1, whereby the operation of said butteXfly processing element for

said decimation in time radix — r butterfly is:

18A
the colon vector X(; i i) = By prr XX = L(”)(k,i) ] (
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Lere the 1 output X”)(k, b= Ex(m)w (19A).

m=0

7. A Fourier tansform processor in accordance with claim 1, wherein each of said r
parallel processin elements includes a radix-r butterfly responsive to a plurality of input
data points and haviyg a plurality of calculation phases, said radix-r butterfly further

providing a plurality of dptput data points, said radix-r butterfly comprising:
a first plurality of multipliers; Apd

a second plurality of adders, wherein

said first plurality of multipliers operate\substantially simultaneously during a given
calculation phase of said plurality of calculatio phases, and said second plurality of adders

operate during said plurality of calculation phasesgther than said given calculation phase.

8. An apparatus in accordance with claim 7 wherein saidgiven calculation phase is the first

calculation phase.

9. An apparatus in accordance with claim 7, wherein said plutglity of multipliers are

coupled to a set of coefficients derived from the product of an adier matrix T, and a

twiddle factor matrix W .
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i produchof said adder matrix T, and said twiddle factor matrix Wy, are substantially given

w0 w0 wd - wY
w? W w2Nr o (e-DNr
0 GNE Nk 200Nk | =fr ] A,

2
i W (F-DNF i WD N/r_
@mSy
where T, ., =W (6A),

and defining W ;) the set of thy twiddle factor matrices Wy as:

woki O 0
= 0 Wl ki
= _ (Lk.i) _[ ]
i Voo =) - LGP (BA),
o o0
-

in which,

GILSTEPY
Waman =W for 1 = m, and O elsewhere  (9A),
wherein,

(10A),
B pir =W, ki XTr = [BrDIF(”"‘)(k-i) ]

) o mNeeR gy Ay
with B, pip g myy; =W (11A),
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the colon vector X i iy =By prp Xx = [X(l)(ki)] (12A),

r-1 PN
h _ W mNr+N gty o)y

where the\ " output X, == Ex(m)w (13A).
m=0

11. An apparatus in accordance with claim 9, wherein said coefficients derived from the

product of said adder matrix T, angd said twiddle factor matrix W, are substantially given

by,
(14A),
Bepir =T X Wi k1) [BrDIT (m ki ]
m N+ oDy (8D
in which Brlm,(l[‘m)(k B = w N m N+ N (i NN (15A),
W(0,k,i) 0 -
O W . —
_ ) _[ ]
and W(r,k,i) = _ _ _ = W([’m)( k. i) (16A),
0 0 -
where w = w @ Dm0 o) - mand 0 elsewhere (17A),

domyck,iy
and n = (log N/log r) — 1, whereby the operation of said buttexfly processing element for

said decimation in time radix — r butterfly is:

the colon vector X(; iy = By prr Xx = b((“(k, ) ]



3 i

sarie

P g e e

i i

arpm

T

P

Docket 1213

. ..“

47-

(@ m N+ D )m (070 )y

r-1
here the 1™ output X7y, o = D X(mW (19A).
m=0

12. A multistege Fourier transform processor responsive to N input data points to compute

N output data pdjnts, said multistage Fourier transform processor comprising:

a first multiprocessor Ytage coupled to said N input data points, said first multiprocessor

stage comprising a first\plurality of Fourier transform processors, each of said first

plurality of Fourier transform\processors comprising

a plurality of rl parallel prodgssing elements, each of said plurality of rl parallel

processing elements having N/r1 Ypput data points and N/rl output data points, said

N/rl input data points of said pluralty of rl parallel processors being coupled to
respective ones of said N input data pdjnts, each of said plurality of rl parallel

processing elements being independent of each other and having at least two stages

of butterfly computing elements; and

a combination phase computing element having N output points, said combination

phase computing element having N input data points coupkd to respective ones of

said N/r1 output data points from said plurality of rl processing elements, said

combination phase computing element including a single stagg of butterfly

computing elements; and
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aNsecond multiprocessor stage coupled to said N output data points of said first
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multiprogessor stage, said second multiprocessor stage comprising a second plurality of

Fourier transform processors, each of said second plurality of Fourier transform processors
comprising,
rallel processing elements, each of said plurality of r2 parallel

a plurality of r2

processing elements having N/r2 input data points and N/r2 output data points, said

N/r2 input data points of, said plurality of r2 parallel processors being coupled to
respective ones of said N olput data points of said first multiprocessor stage, each

of said plurality of r2 parallel processing elements being independent of each other

and having at least two stages of bitterfly computing elements; and

a combination phase computing element having N output points forming said N
data output data points of said Fourier transform processor, said combination phase

computing element having N input data points\coupled to respective ones of said

N/r2 output data points from said plurality of r2 processing elements, said

combination phase computing element including \a single stage of butterfly

computing elements.

13. A multistage Fourier transform processor in accordance with\ claim 12, further

including a plurality of (i) multiprocessor stages, wherein the radix r of each said

plurality of (i) multiprocessor stages is expressed in terms of its i partial as follows:
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